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ABSTRACT 
The Automation & Robotics Section of the European 
Space Agency (ESA) is developing a platform for 
investigation of different levels of autonomy of 
planetary rovers. Within this scope a physical flight 
model is required and the Lunar Rover Model (LRM) is 
chosen. The LRM is a 4 wheel, medium-scale (120kg) 
Moon exploration rover breadboard, equipped with a 5-
DOF robotic arm. This paper presents the complete 
refurbishment and motion control redesign. Therefore 
the rover is equipped with a new distributed motion 
control architecture based on CANopen. Following the 
hardware upgrades, a complete dynamic model of the 
rover is developed in 20sim and algorithms for all the 
rover locomotion modes are analyzed and implemented. 
Subsequently all the locomotion control algorithms are 
ported on the rover and the control performance is 
evaluated using high accuracy measurement systems.  
 
1. INTRODUCTION 
One of the planetary rover research platforms at the 
Automation and Robotics Laboratory (ARL) is the 
Lunar Rover Model, which was build in the nineties 
while the European Space Agency (ESA) was studying 
a robotic mission to the moon. The rover (Fig. 1) is 
comprised of fairly advanced locomotion capabilities 
(articulated suspension with averaging linkage, 4xwheel 
drive, 4xwheel steering, flexible wheels, etc.) and a 
payload mounting platform. On top of the platform a 
robotic arm is mounted, called the Rover Robotic 
Payload (RRP), which serves scientific payload 
deployment. Tab. 1 and Tab. 2 show the technical 
specifications of LRM and RRP respectively. 
 
 
Figure 1. LRM and RRP in the ESTEC  
Planetary Utilization Testbed (PUTB) 
 
Table 1 
LRM Basic Technical Specifications 
Size 1200 x 900 mm 
Mass 120 kg 
Payload Mass 60 kg 
Wheels 4 traction/steering elastic 
titanium 
Motors 8 (each wheel has a traction 
motor and a steering motor) 
Nominal Speed 440 .. 480 m/h on flat sandy 
terrain 
Payload Mounting Platform 
dimensions 
1000 x 760 mm 
Chassis Articulation System Passive mechanical 
 
Table 2 
RRP Technical Specification 
Degrees of Freedom (DOFs) 5 
RRP mass (without payload) 4.8 kg 
Payload capacity mass   1.2 kg 
Elements turning angular 
velocities   
0.04 – 0.25 rad/sec 
 
 
 
 
 
 
 Though a mechanically robust platform, the LRM was 
put to little use in the recent years at the ARL. The 
reason for this is the outdated motion control scheme 
and the aged and worn out power subsystem (s/s).  
 
1.1. Scope & Objectives 
The Automation & Robotics Section has planned, under 
the ESA General Studies Technology Program (GSTP), 
an activity for the development of a Rover Autonomy 
Testbed (RAT) [5]. The activity aims at developing a 
platform to support investigation of different levels of 
autonomy of planetary rovers and their related needs in 
perception, communication, presentation and Man 
Machine Interface (MMI) needs. The RAT foresees a: 
 Physical flight segment being a rover fully equipped 
with suitable avionics and perception means  
 Virtual flight segment being the respective virtual 
rover within ESA’s 3DROV simulation facility and 
 Ground control station. 
 
During the preparation of the RAT activity it was 
concluded that the LRM is the most suitable platform in 
terms of size and capabilities to become the physical 
flight segment of the activity.  
 
Scope of the work presented in this paper is to prepare 
the LRM and RRP in terms of hardware and low level 
software in order to be provided to the industrial 
consortium for the RAT activity.  
 
1.2. Methodology and Structure 
Based on the objectives of the work, the development 
approach followed is twofold, with two streams that run 
in parallel. The first focuses on the modernization of the 
motion control architecture both in terms of hardware 
and software programming capabilities. The work is 
performed in collaboration with ESA’s subcontractor, 
who is responsible for the rover rewiring and the initial 
installation of the motion control electronics. The 
second stream aims at the development of LRM 
locomotion modes. The validation of the algorithms is 
performed using virtual models based on 20sim [2]. 
 
Consequently the two workflows are combined by 
porting the algorithms into the physical model. The 
work is completed by testing the performance of the 
latter. This approach is a standard methodology 
followed by ARL, as described in [4] and shown in  
Fig. 2.  
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Figure 2. Work approach, matching with ARL’s 
 
 
The work presented in this paper is organized as 
follows. Section 2 describes the systems architecture 
and the performed upgrades, separated in 3 subsections: 
Mechanical, Control and Power. In Section 3, the 
locomotion algorithms of the rover are discussed 
followed by the testing results. The paper is finalized 
with a discussion on the conclusions and future work. 
 
2. SYSTEM ARCHITECTURE & UPGRADE 
A brief presentation of the new system architecture is 
given here. The detailed one exceeds the scope of this 
paper and is presented in [7]. 
 
2.1. Mechanical 
The new closed loop architecture and the aging of the 
LRM and RRP require mechanical changes and 
maintenance in order to incorporate the new design 
choices and ensure optimal performance of the existing 
mechanisms. 
 
Concerning the LRM, encoders are placed on the 
traction motors, as well as extension flanges at the 
driving axes to fit them. Moreover, the existing Human-
Machine Interface (HMI) is too minimalistic for the 
capabilities envisaged for the new system. Hence a new 
backpanel is designed and installed on the rover, which 
can be seen in Fig. 3. The upgrade is completed with the 
design of custom aluminium boxes to host the new Li-
Po batteries, based on their specifications. 
 
 
Figure 3. The developed Human-Machine Interface 
 
 
 
 
 
  
The RRP is one of the most worn elements of the 
system. Thus a significant amount of work goes into 
reducing the backlash between the links, cleaning and 
re-lubricating the joints. Moreover, the existing 
potentiometers are replaced with new ones of 470 Ohm 
to meet the feedback requirements of the Elmo drives 
[1]. The performance of the arm is certainly improved 
with the maintenance, but due to some design 
limitations and ageing there are remaining 
imperfections. 
  
2.2. Control 
The new control architecture of the system is based 
upon a commercial solution using an onboard 
supervising controller (OBC) and five dual motor 
controllers the Elmo Duo-Whistle (DUO). All modules 
are connected via two CANopen channels, one for the 
LRM and one for the RRP. The overall design is shown 
in Fig. 4. 
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Figure 4. Overview of the control architecture 
 
Each Whistle is connected directly to the motor 
providing a single axis position, velocity or current 
control. Some tasks though cannot run on the local 
motor controllers as they require information from all 
axes (e.g. locomotion and arm control algorithms). In 
this case the high level control task is being handled by 
the OBC, which at the moment of writing this paper is 
an Elmo Maestro. Fig. 5 indicates the task distribution 
of tasks between the OBC and the Whistle in the case of 
the locomotion control.  
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Figure 5. Locomotion Task Distribution between  
OBC and Whistles 
 
Moreover, the OBC initiates low-level routines that are 
executed locally at the Duo Amplifiers, e.g. the 
implemented steering control algorithm shown in Fig. 6. 
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Figure 6. Implemented Low Level Steering  
Control Architecture 
 
This design choice of 2-level-architecture offers 
decentralized control, keeping the network free of 
unnecessary messages and each component focused on 
the specific task. Furthermore, the two channel selection 
distributes the network traffic better and offers 
modularity, since new components can be added in 
series with the existing ones. 
 
The update frequency, of the loop running on the Multi-
Axis controller, depends on the dynamic of the motion. 
If the locomotion strategy is running in steps (e.g. stop 
the rover, turn the wheel and start the motion) a low 
frequency is sufficient, since the speed and steering 
angle for each wheel are just calculated once for the 
desired motion. On the contrary, if the motion is 
continuously changing and the rover has to drive and 
turn simultaneously, a higher frequency is required. The 
maximum possible frequency is derived and thus 
limited from the bandwidth of the CAN bus protocol. 
 
 
 
 
 
 
 
 2.3. Power 
 
To increase the LRM range, guarantee uninterrupted 
operation and reduce overall weight, it is essential to 
design new robust power subsystem for the rover. 
 
Initially, a power budget of all the onboard components 
is performed [7], and an assumption of a 400W external 
payload is made. Subsequently, the three following 
outdoor field test scenarios are considered for medium 
range navigation (1 hour) : 
 Single target measurement cycle in which the rover 
drives to a predefined location to examine an object 
of interest; 
 Stationary measurement cycle in which the rover 
remains at a fixed position and performs 
measurements utilizing the onboard scientific 
instruments and the RRP; 
 Travelling, where the LRM performs long traverses 
while operating the external payload as well (e.g. 
communication s/s, onboard computer, etc.). 
 
The battery power sizing is based on the consumption of 
the most demanding scenario presented in Fig. 7. A 
detailed analysis of the power s/s can be found in [7]. 
 
 
Figure 7. Energy budget per system for medium range 
navigation (1h) 
 
A market analysis of 23 battery solutions is also 
performed [7] and the finally selected batteries are two 
24V/31Ah LiPo KOKAM packs. LiPo technology 
offers high energy to weight ratio, reducing by 17.2kg 
the overall weight of the LRM without sacrificing 
performance or capacity. Moreover their cells are placed 
in series allowing immediate identification of faulty 
ones and simultaneously equal cell charging through a 
single connector. 
 
Additionally a careful distribution of components  
(Fig. 8) and a switch on the HMI (Fig. 3) enable 
switching from parallel to separate connection allowing 
the payload and avionics to continue functioning even if 
motion battery is drained or has failed. 
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Figure 8. Power Distribution between components 
 
The interior of the rover and the components installed, 
are shown in Fig. 9. It should be noted that the system 
level design is done within ARL whereas the integration 
of components, the design and manufacturing of the 
PCBs is performed by Eltromat B.V.  
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Figure 9. LRM uncovered 
 
 
3. LRM LOCOMOTION ALGORITHM 
3.1. Locomotion modes algorithm 
LRM has 4 independently driven and steered wheels 
and can perform a series of different movements, as 
shown in Fig. 10. 
                          
 
Figure 10. LRM Locomotion Modes A: Crab Turn, B: 
Skid Steer Point Turn, C: Point Turn, D: Skid Steer 
Turn, E: Double Ackerman, F: Ackerman Turn with 
Eccentric POI (Red: Wheel Velocity Magnitude & 
Direction, Green: Radius of Turn, Orange: Radius 
Center, Blue: Direction of movement, Black dashed: 
Wheels perpendicular) 
 
All the possible locomotion modes are analyzed (see 
[7]) and equations are derived such that the input 
parameters to the algorithms are minimal for each 
mode, partially based on [3].  All modes require 2 of the 
following parameters: Rover Angular Velocity (RAV), 
 Rover Linear Velocity (RLV), Curvature (1/Radius) 
(CRV) and Desired Turning Angle (DTA). Double 
(Dbl) Ackerman though requires 3 additional 
parameters: The 2D position of eccentric center of 
rotation (XC, YC) and the angle between the latter and the 
POI (θC). Tab. 3 shows the input motion parameters 
according to the desired mode. 
 
The last mode is the most complex, but is extremely 
useful because it allows the rover to rotate around a 
driller mounted on its arm or record a panoramic image 
of a POI using an onboard camera just by using one 
single mode. 
Table 3 
Motion Parameter per mode 
 
RAV 
(rad/s) 
RLV 
(m/s) 
CRV 
(1/m) 
DTA 
(rad) 
XC 
(m) 
YC 
(m) 
θC 
(rad) 
Point Turn              
Crab Motion             
Skid Steer Turn             
Skid Point Turn    inf         
Skid Straight   0         
Dbl Ackerman       0 0 ±pi 
Dbl Eccentric  
Ackerman        
 
The algorithms are been designed to be generic and take 
as parameters the geometry of a given rover and the 
locomotion constraints (wheel turning angles, etc.) in 
order to derive the range of permissible motions. 
Detailed analysis of the algorithms can be found in [7].  
 
3.2. Algorithm Evaluation & Testing preparation 
Following the generation of the equations of the 
locomotion modes, all the algorithms are ported and 
tested into a virtual model using 20sim and the contact 
model of [8] which is based on a spring-damper 
compliant model (see Fig. 11). The algorithm performs 
well in all the cases proving its validity. 
 
 
Figure 11. Instant of the locomotion mode testing  
using 20sim 
Next step is testing the algorithm on the rover. The 
algorithm is converted for the OBC. 
 
Before testing the rover on the ARL’s testbed, the 
wheels are calibrated using specially designed wheel 
mount frames and a high accuracy infrared measuring 
device, as described in [7]. The steering calibration and 
tuning results in an error of ±1 degree using the bang-
bang control. 
 
3.3. Testing Results 
A series of tests are performed to evaluate the 
locomotion modes on the ARL’s Planetary Utilization 
Testbed, which simulates a rough planetary terrain. 
During the tests the rover position is continuously 
measured using Vicon motion capture system [9] 
consisted of 6 high speed cameras placed around the 
testbed. The tests are constrained by the fact that the 
ESTEC PUTB is too small for a rover as big as the 
LRM to make long traverses and trajectories with 
relatively large curvatures. Thus in the trajectories 
executed the rover performs sharp turns, which in turn 
increased the side slippage on the soil. 
 
 
Figure 12. Track comparison for Ackerman turn with 
CRV=0.8 m
-1
 
 
First test, presented here, is an Ackerman turn around 
the center with curvature (CRV) of 0.8 m
-1
.
 
As it can be 
seen from the plot of Fig. 12, both the simulated rover 
path and the real path start drifting from the desired one 
after a while, and follow a path of bigger radius. In 
reference to the simulations this can be explained by the 
nature of the contact model used, where a compliant 
contact model has been implemented ([8]). During the 
simulated motion the lateral “contact springs” deflect, 
representing a side slippage. The simulated rover 
executes a symmetrical trajectory though, due to the fact 
that these springs “charge” and “discharge” the same 
way during the symmetric closed reference path.  
 
The results from the test run with the LRM show a 
trajectory that drifts progressively. This is due to the 
side slippage on the soil, which accumulates during the 
course of the trajectory. Nevertheless the rover tracks 
 the reference trajectory very well given the wheel – 
loose soil contact resulting in an approximately 10% 
drift half way into the reference path. This percentage is 
considered quite low in comparison with the simulated 
version on a flat and solid terrain. 
 
 
Figure 13. Track Comparison for Skid Steer Turn with 
CRV=1 m
-1
 
 
The second test run presented is the LRM in Skid 
Steering mode with CRV=1 m
-1
.
 
As it can be seen from 
Fig. 13 the Skid steer turn does not achieve such close 
results as the Ackerman steering of the previous test 
(Fig. 12). The deviations between simulated and the real 
path are much bigger.  
 
This behaviour can be explained by the type of motion 
itself. The rover does not steer the wheels but slides 
continuously. The fact that the real Skid Steering 
performed a closed circle is coincidental. The limited 
space of the ARL testbed in addition with the formed 
crater from the previous tests, pushed the rover in a 
circle of smaller radius, when the rover was close to the 
testbed boundaries. That can be seen from the difference 
between the left and the right part of the red track in 
Fig. 13 that the track has almost half a meter difference.  
 
 
4. DISCUSSION 
4.1. Conclusions 
A new motion control system based on CANopen is 
installed at the LRM, followed by a new Human-
Machine Interface and a new power subsystem. 
Moreover, the performance of the RRP after 
refurbishment is improved. 
 
Locomotion modes, capable of performing 7 different 
types of motion (Tab. 3), are programmed using a 
minimal set of input parameters. The derived algorithms 
are also tested on the virtual and real model of LRM 
using a motion capture system and their performance is 
analyzed. 
 
 
4.2. Future work  
The existing OBC (Maestro) is temporary and will be 
swapped with a more powerful real time unit e.g. PC104 
with a CAN module, where in turn the generated 
locomotion algorithms will be ported and combined 
with the already implemented low level control, 
resulting in a system able to perform more complicated 
tasks and faster control loops. 
 
Apart from the locomotion algorithms for the LRM, 
closed loop control algorithms for the robotic arm 
(RRP) will be developed and installed at the OBC and 
Whistles, following the 2-level-control architecture used 
for the locomotion. 
 
The combination of the performed work and the above 
mentioned future work will result in a fully functional 
physical flight segment ready for RAT. 
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